While tens of millions of dollars have been spent on land acquisition and planning for current and future floodplain and wetland restoration in the SacramentoSan Joaquin Delta, knowledge of the historical processes and landscape heterogeneity that are helpful in guiding the environmental restoration are often scarce. This study used palaeoenvironmental reconstruction to increase the historical perspective, with the aim of improving environmental management. Twelve sediment cores collected from the McCormack-Williamson Tract (MWT) leveed farmland and the juxtaposed Delta Meadows (DM) tidal wetland were sampled for a suite of environmental proxies. MWT was a non-tidal flood plain during much of the late-Holocene, with a mosaic of other habitats including dry uplands, riparian forests, and freshwater wetlands persisting nearby. Comparison with the regional sea-level history suggests that the upper delta gradually came under tidal influence 3000--800 calendar years before present (cal BP). Despite this, floodplain landforms and habitats prevailed at DM from 3650--330 cal BP, after which wetlands expanded, suggesting that a flood-based disturbance regime typified the upper delta for most of the late-Holocene. Recently, the upper deltaic plain has been profoundly disturbed by agriculture and other activities, rendering significant loss of habitat. It is believed that a floodbased disturbance regime will recur at MWT if the levees surrounding the tract are intentionally breached as planned for restoration, culminating in a variety of habitats similar to pre-agricultural conditions. Concentrations of Hg, Pb, As, and P pollutants elevated several-fold in surficial sediments are of particular concern, potentially becoming problematic after restoration.
INTRODUCTION
Restoration is the act of returning an altered system back to a near-representation of previous conditions (Streever 1999) and thus requires insight into past environments (Gwin et al. 1999) . Restoration of flood plains and wetlands is important because deleterious human activities have markedly reduced their areal extent (Dahl 1990 ), yet they serve several inherent functions such as providing habitat for many wildlife species, filtering pollutants from water (Knight & Pasternack 2000) , buffering settlements from storm surges, providing for recreation and serving as carbon sequestration sinks that may mitigate the effects of global warming (Intergovernmental Panel On Climate Change 2001) . Consequently, restoration has become critical to preserving the multiple services that this type of ecosystem provides.
Recognition of the need for floodplain and wetland restoration is widespread, but major uncertainties exist with conceptualizing ecosystem functions, developing project designs and implementing construction for individual sites. Further uncertainties surround the potential of postrestoration ecosystem persistence under natural disturbance regimes and in evaluating the success of the restoration (Mitsch & Wilson 1996) . While tools such as the hydrogeomorphic method (Brinson 1993) and reference sites aid in developing restoration models, historical perspectives are often lacking (Orson 1996) . Palaeoenvironmental reconstruction provides useful information for restoration, including insight into the rates of landform change, the relative roles of natural and anthropogenic forcing, habitat availability, pollution history and post-restoration self-sustainability Constantine et al. 2003; Brown & Pasternack 2004) .
The objective of this paper is to test the hypothesis that palaeoenvironmental reconstruction is a useful tool for conceptual model development and to reduce the uncertainty associated with floodplain and wetland restoration in the Sacramento-San Joaquin Delta (SSJD). To achieve this, the recent evolution of a farm tract located on an upper deltaic plain and slated for restoration was studied and contrasted to that of an adjacent wetland preserve. We specifically aimed to contrast topographic, landform and habitat variability between the two locations and to quantify the levels of toxic metals (Hg, Pb and As) and sediment-borne P relative to historic and pre-historic background. All information was subsequently combined to describe site evolution and contrast the interval not profoundly disturbed by humans with the upper core sections that record human-induced disturbance, with the goal of enhancing the restoration model.
Regional context and study area
The Californian landscape and associated waterways have experienced profound modification during the last 150 years. Widespread logging in the Sierra Nevada (Mudie & Byrne 1980; Barbour et al. 1998) increased watershed erosion and the delivery of sediment to rivers (Lewis 1998) . Hydraulic gold mining in the Sierra Nevada during the years 1852-1883 had a devastating impact as slopes were destabilized, river channels redirected and aggraded, and the San Francisco Bay (SFB) estuary aggraded and disturbed (Gilbert 1917; Nichols et al. 1986; Jaffe et al. 1998) . At present, >60% of west-slope Sierra Nevada rivers are dammed for water supply, flood control, electric power generation and recreation. Increased salinity noted in SFB since 1860 is likely related to the upstream storage of water (Byrne et al. 2001) . Alteration of the SSJD ( Fig. 1 ) to combat flooding and claim land for agriculture began c. 1850 AD with many impacts (Nichols et al. 1986; Jaffe et al. 1998 ; van Geen & Luoma 1999) ; including wetland habitat loss (Dahl 1990 ) and accelerated land subsidence owing to the exposure of regularly inundated and buried organic matter to oxidizing conditions (Thompson 1957) .
The SFB and SSJD are part of an intensively studied (Conomos & Peterson 1976; Atwater 1979 Atwater , 1980 Atwater et al. 1979; Atwater & Belknap 1980; Ingram et al. 1996; Goman & Wells 2000; Byrne et al. 2001; ) structural estuary receiving drainage from 40% of California's land area (Fig. 1) . Thompson (1957) reported that no topographic surveys of the delta were made prior to extensive reclamation and manipulation, but that the system included a number of islands separated by anastomosing channels with natural levees, the height of which generally decreased seaward. Other landforms included low alluvial ridges, sandy mounds and shallow tidal embayments. In terms of stratigraphy, the delta is characterized by a vertical sequence of autochthonous peat and mud overlying alluvium and aeolian sand, with the thickness of the upper strata decreasing landward and indicative of the controlling process of sea-level rise on the development of the modern deposit (Atwater & Belknap 1980) .
The upper deltaic plain of the SSJD is highly differentiated from the lower delta plain according to the dominant process of formation, as evidenced by the aforementioned stratigraphy. Slow yet gradual marine transgression has resulted in the accumulation of marsh peat under tidal influence in the lower delta (Atwater 1979; Atwater & Belknap 1980) , whereas a suite of highly active terrestrial processes including overbank flooding, inorganic sediment deposition and lateral channel migration historically characterized the upper delta (Brown & Pasternack 2004 ). The upper delta has been largely uninfluenced by tidal processes until recently, after which a thin veneer of peat accumulated. Further upstream of the SSJD are non-tidal flood plains (Tu 2000; Trowbridge 2002; Florsheim & Mount 2002 that are highly modified and leveed for agriculture. Originally these flood plains had sizable natural levees and a mosaic of habitats including seasonal wetlands, oxbow swamps, channels, sand splays and quiescent plains. In contrast to the lower delta and upstream flood plains, the upper delta has received less attention even though it is uniquely positioned in a tidal freshwater zone that experiences a complex combination of both riverine and tidal processes.
The leveed and farmed McCormack-Williamson Tract (MWT; Fig. 1 ) is located in the upper delta. It is slated for restoration to tidal freshwater wetland and floodplain habitat consistent with its landscape position by intentionally breaching levees. This site was targeted for restoration because it is located at the downstream terminus of the well-protected Cosumnes River at 38.25
• N and 121.49
• W and could yield critical tidal freshwater wetland habitat that has been all but eradicated from the region. Because the Cosumnes River is undammed, historical processes such as tidal exchange, channel migration, seasonal overbank flooding, and sediment transport and deposition can be partially or fully restored to MWT, which has an elevational range of -30 to 30 cm relative to mean sea level. That this restoration objective is feasible is supported by consideration of Delta Meadows (DM), a protected tidal freshwater wetland that is located just northwest of MWT at 38.26 • N and 121.50
• W. DM is 40 cm above sea level, diurnally saturated by 1-1.4 m tides, and dominated by Scirpus. Concern has also been raised about the impact of wetland restoration at MWT on organic mercury (Hg) toxicity owing to reduction and bioactivation of inorganic Hg pollution derived from the gold-mining era. We sought to address this concern within the context of the historical analysis to ascertain the pre-and post-mining levels of Hg and other pollutants.
METHODS

Coring, dating and biogeochemical proxies
Human activity has highly impacted the study site and the modern landscape bears little resemblance to historical conditions ( Fig. 1 ; United States Geological Survey 1911), mandating palaeoenvironmental reconstruction implemented through a sediment coring approach to help guide the restoration. Since the SSJD is located in an area experiencing tectonic change and sea level rise (Atwater 1979) , core elevation should ideally be adjusted to account for these processes. Unfortunately, there are contradictory perspectives on the neotectonics of the SSJD, with Band (1998) reporting 0.1-0.5 mm yr −1 of geologic uplift and Florsheim and Mount (2003) positing subsidence between 0.15-0.5 mm yr −1 . Given these contradictory estimates, it is difficult to adjust sedimentary records and thus none have been made to the cores collected as part of this investigation.
To fully characterize the spatio-temporal variability of the upper delta plain, 12 sediment cores ( Fig. 1; MWT-1 to MWT-11 and DM-1) were collected from the upper deltaic plain. The MWT cores were retrieved using a Geoprobe drilling rig, whereas DM-1 was vibra-cored. All of the cores were photographed and logged. Of the 12 cores, 4 cores (MWT-2, MWT-6, MWT-8 and DM-1) had organic sediment, peat and wood samples sent to Beta Analytic Inc., Florida, for accelerator mass spectrometry (AMS) radiocarbon dating and were further analysed for several environmental proxy indicators. The organic sediment samples submitted for dating contained scattered pockets of fine plant detritus and other dark material in a sedimentary matrix. It should be noted that some detritus might have been stored upstream prior to deposition at the study site, rendering dates older than the deposits themselves. Further, lateral channel migration in the upper delta may have mixed samples. However, the general lack of date inversion suggests reasonable stratigraphic integrity. All radiocarbon dates were calibrated into calendar years before present (cal BP; Table 1 ; Stuiver & Reimer 1993; Stuvier et al. 1998) . Sample Beta-160030 is reported as 120.2 ± 0.4 per cent modern carbon (pMC) because it contains some young carbon. The addition of 20.2 pMC in that sample relative to an oxalic acid standard (100 pMC) indicates that it was fixing carbon sometime after 1950 AD, though the actual timing of the most recent photosynthesis cannot be determined.
Age-depth models (Fig. 2) were developed for the MWT cores by Brown & Pasternack (2004) by fitting a locally weighted loess smoothing function to the calendar dates. The late-Holocene sections of those models are presented. A locally weighted least-squares fitted age-depth model was similarly developed for DM in this contribution. Subsequent measurements of vertical accretion rates (cm −2 yr −1 ), sedimentation rates (g cm −2 yr −1 ), organic accumulation rates (g cm −2 yr −1 ) and pollen flux (grains cm −2 yr −1 ) were calculated using the age-depth models. Age-elevation models were constructed for the cores by adjusting the age-depth models to account for core elevation relative to sea level. The only Holocene relative sea-level rise curve for the SSJD region is based on 13 radiocarbon dates, with only three dates in the last 4000 years (Atwater 1979) . The curve reveals that sea levels rose more rapidly (2 cm yr −1 ) in the early Holocene compared to the mid and late Holocene when transgression slowed to 0.1-0.2 cm yr −1 . Because this is the only sea level curve for the region, it is employed here to compare the timing of tidal influence at our study site relative to the more seaward SFB.
MWT-2, MWT-6, MWT-8 and DM-1 were measured for sediment bulk density (g cm −3 ), per cent dry-mass loss-onignition (LOI), and magnetic susceptibility using techniques described in Brown and Pasternack (2004) . Grain-size percentages were determined for each sample using methods adapted from Folk (1974) coupled with measurements using a laser granulometer. Insight into habitat variability in the upper delta was gained through pollen analysis. Pollen preparation followed standard procedures (for example Moore et al. 1991; Brown & Hebda 2002 . All pollen samples were spiked with Lycopodium tablets containing 10 679 ± 953 spores each (Batch Number 938934) so pollen flux could be calculated. Because pollen was rare in some levels, we present the pollen data as flux instead of percentage. Pollen flux was determined from the number of Lycopodium spores encountered compared to the number of pollen grains multiplied by the accretion rate to yield grains cm −2 yr −1 . Determinations of the Al, P, Hg, Pb and As elemental concentrations with 20 cm resolution for MWT and 4 cm resolution for DM were carried out by Chemex Labs, Inc., Sparks, Nevada. The procedure involved sieving samples and treating them with nitric acid to destroy organic matter and oxidize sulphide material. Hydrochloric acid was then added to generate an aqua regia (3HCl + HNO 3 = 2H 2 O + NOCl + Cl 2 ) and digest the material. Total sediment digestion was achieved for all elements except Al, as assessed using a nearby reference soil sample (San Joaquin Soil Standard Reference Material 2709) from the USA's National Institute of Standards and Technology processed with the same procedure. Sample solutions were analysed by inductively-coupled argon plasma and atomic emission spectroscopy to obtain the concentrations of Al, P, Pb and As. Hg was analysed by cold volatilization atomic adsorption spectroscopy to achieve a detection limit of 0.01 mg kg −1 . Final concentrations were adjusted for organic content to give an organic-free concentration to eliminate this source of difference in the analysis. Anthropogenic enrichments were calculated as the element ratio of the topmost sample to the average of the deepest samples from the 4000 -3000 cal BP interval with measurable concentrations for each core. Documentation of pollutants in the cores, as indicated by elevated enrichment ratios, is either indicative of the age of pollution onset or the limit of stratigraphic consideration if the sediment was mixed by tilling.
RESULTS
Landform evolution
Stratigraphic description of the cores provides tentative insight into the recent spatial variability of the study site. Only the top 200 cm of stratigraphy is presented in Figure 3 because the top 200 cm can represent > 4000-1700 years of depositional history. Thus, more than 200 cm of the record covers mid-Holocene history at some sites but not at others and, similarly, less than 200 cm concerns only the latest Holocene at some sites. The 200 cm cut-off is the most accommodating selection, given our understanding of the agedepth relationships of the cores.
The general predominance of silt and clay with some sand in all MWT cores below the upper mixed layer (Figs 3 and 4), together with a lack of organic material, suggest that the tract was mainly flood plain below the agricultural horizon. Variations in the colour of the sediment and the degree of mottling between cores were attributed to past local conditions specific to each coring site. Isolated parcels containing sand were noted in MWT-2 and MWT-10 at about 163-148 cm and 200-178 cm depth, respectively, and these deposits may reflect sand splays. The thin layer of gravel observed in MWT-8 at about 58-52 cm depth was not considered a palaeochannel deposit because it was too thin. Instead, it may reflect either splay deposition or human land-use activity. Contrary to the expectation from Atwater & Belknap's (1980) investigation of cores from the lower delta two decades ago, the agricultural topsoil noted in the upper deltaic plain in the MWT cores was surprisingly thin, often penetrating only 20-30 cm deep. In comparison, the basal section of DM-1 also consisted of fine floodplain sediment (Figs 4 and 5), though this was replaced up-core by wetland peat. Agricultural topsoil was not observed in the DM-1 core.
The age-elevation model (Fig. 2) revealed that over the last 3400 years the elevation of DM-1 was less than MWT-6 until 50 years ago and greater than MWT-8 until about 200 years ago, at which time the elevations of the cores converged and oscillated slightly. MWT-2 was lower than the other cores throughout the late-Holocene, consistent with its downstream position along the deltaic plain. Combining the Atwater (1979) sea-level rise curve with the fact that mean higher high water is ∼0.5-0.7 m above mean sea level in the upper deltaic plain suggests that the southern tip of the study area near MWT-2 may have first experienced small tides at around 3000 cal BP (Fig. 2) . MWT-8 appeared tidal at approximately 2000 cal BP followed by DM-1 at about 800 cal BP. All sites were tidal by about 300 cal BP. Thus, tidal exchange in the upper deltaic plain is most likely a relatively recent phenomenon given the long-term evolution of MWT.
In general, sedimentation rates (Figs 2 and 4) did not vary considerably through time, with DM-1 the exception in historical times. Between 3500 and 100 cal BP, sedimentation rates in DM-1 were about 0.05 g cm −2 yr −1 . A profound increase in sedimentation was noted at 100 cal BP in DM-1, when values increased ten-fold to 0.6 g cm −2 yr −1 followed by abrupt decline to modern rates of 0.2 g cm −2 yr −1 . Sediment accumulation was low in MWT-6 during the late-Holocene, gradually decreasing from 0.1 g cm −2 yr −1 at 4000 cal BP to about 0.05 g cm −2 yr −1 at present. Similar sedimentation rates were noted in MWT-2 and MWT-8, consistently hovering around 0.2 g cm −2 yr −1 . Low LOI values (Table 2 deltaic plain. LOI values indicate that upper core sections have greater organic content than the lower sections, with a sharp boundary indicating changing supply rates and organic losses. The relative contribution that organic matter has made to overall sedimentation has been relatively low on the flood plain as evidenced at all the core sites, where values were typically <0.015 g cm −2 yr −1 (Fig. 4) . The exceptions were in the bottom of MWT-8 and the top of DM-1. In MWT-8, sediment deposited before 3500 cal BP consisted of 0.015-0.03 g cm −2 yr −1 organic matter. The topmost clay and tidal freshwater wetland deposits in DM1-4 record markedly more organic matter accumulation compared to lower levels, ranging between 0.04-0.14 g cm −2 yr −1 . The organic matter contribution to the agricultural horizon is intermediate between flood plains and tidal freshwater wetlands, averaging 0.01 g cm −2 yr −1 and ranging between 0.005-0.02 g cm −2 yr −1 .
MWT-2, MWT-6, and MWT-8 stratigraphy and core characteristics
Clays containing organics were deposited at 427-220 cm depth in MWT-2, representing the 4000-1900 cal BP interval (Fig. 2) . A thin sand layer observed at 307-299 cm depth was likely to have been deposited at about 2600 cal BP. Interbedded sand and silt deposited at 1800-700 cal BP were noted in the core at 220-96 cm depth. Clays with high organic content occurred at 96-0 cm. In contrast, the last 4000 years of depositional history was more homogeneous in MWT-6, where mottled clays were noted to occur until about 300 years ago, after which they were overlain by mixed organic topsoil at 50-0 cm depth. Increased variability recurred in MWT-8. Peat deposited from 5400-4100 cal BP yielded to clay containing organics and visible wood fragments from 4100-2000 cal BP at 480-231 cm depth. Mottled clay from 231-65 cm depth occurred at 2000-500 cal BP, whereas clay with interbedded pebbles and gravel was noted at 65-20 cm depth. Organic topsoil characterized the core at 20-0 cm depth. Bulk density and Al did not change markedly across the agricultural boundary on MWT from deeper undisturbed deposits to upper highly impacted sediment (Table 2) . However, many other proxy indicators exhibited a change across the boundary. Magnetic susceptibility decreased slightly in MWT-2 and increased slightly in MWT-6. In MWT-8, the thin gravel deposit in the upper part of the core resulted in a noticeable increase in up-core susceptibility. In terms of grain-size, MWT-2 was characterized by 21% sand, 53% silt and 24% clay between 4000 and 1900 cal BP (Fig. 4) . Sand increased to 42% during 1900-700 cal BP, whereas silt and clay decreased to 38% and 20%, respectively. Sand was absent at the top of the core whereas silt and clay increased to 66% and 31%, respectively. MWT-6 consisted of roughly 6% sand, 60% silt and 34% clay throughout the late-Holocene. In contrast, MWT-8 showed some variability in grain-size, with the interval 4000-2000 cal BP containing 4% sand, 73% silt and 23% clay. During 2000-1000 cal BP, sand increased to 18%, whereas silt and clay decreased slightly to 64% and 18%, respectively. The last 1000 years were characterized by 5% sand, 49% silt and 45% clay. In summary, less sand and more clay were generally noted in the agricultural horizon compared to pre-agricultural floodplain layers (Fig. 6) .
Changes in pollen flux also characterized the agricultural boundary on MWT (Fig. 7) . Pollen flux was not determined for MWT-2 because pollen was rare throughout that core. However, pollen extracted from MWT-6 and MWT-8 showed several trends. In general, pollen flux was greater in pre-agricultural sediment compared to the agricultural horizon. Arboreal, riparian and wetland taxa such as Pinus, Quercus, Salix, Cyperaceae and Typha all showed a reduction in flux across the agricultural boundary, whereas agricultural and disturbance indicators such as Zea and Chenopodium-type showed an increase. Composites surprisingly decreased across the agricultural boundary.
MWT showed elevated levels of Hg, Pb and P in the topsoil of all cores relative to the background levels (Fig. 4) Figure 6 Ternary diagram showing the grain-size distribution for the various environments identified in the cores. The MWT-8 wetland points are from Brown and Pasternack (2004) and are presented to help contrast the differences in grain-size between environments.
Figure 7
Changes in pollen assemblages across the agricultural boundary on MWT.
pogenic enrichment 5.7×), 14.9 mg kg −1 Pb (1.5×) and 799 mg kg −1 P (1.9×). The element As was not present in basal layers of MWT-2 or MWT-6. In the latter case, As concentration dropped from 11.0 to 2.17 mg kg −1 from 5 to 45 cm depth (present day to 1300 cal BP), suggesting an anthropogenic influence. For MWT-8, As is present throughout, with the surficial sediment 3.6 times more enriched (19.2 mg kg −1 ) than the basal layers. The depth of pollutant penetration in the cores was found to be 30 cm for MWT-2, 50 cm for MWT-6, and 100 cm for MWT-8.
DM-1 stratigraphy and core characteristics
The DM-1 core was 205 cm long (Figs 2 and 5). Olivered mottled clay occurred at 205-178 cm depth (3480-2900 cal BP). A gradual colour change was noted in DM-1 with olive clay increasing from 178-122 cm depth between 2900-1750 cal BP. Mottled dark grey clay was present at 1750-330 cal BP. Fibrous plant fragments were laid down at 52-40 cm (330-100 cal BP). The sudden appearance of this material may be an independent indicator of the onset of intertidal conditions, suggesting a more recent date for tidal inundation than suggested by the Atwater (1979) curve. The fibrous plant unit was replaced by dark grey-black clay that was associated with high sedimentation rates during 100-50 cal BP (Figs 4 and 5). Peat deposited during the last ∼100 years was observed in the top of the core from 22-0 cm depth. A stratigraphicallyconstrained cluster diagram combined with visual inspection of the core yielded four distinct zones for DM-1 (Table 2 ; Fig. 5 ), namely DM1-1 to DM1-4. Zone DM1-4 was divided into three sub-zones (DM1-4a to DM1-4c).
General trends in DM-1 include decreased bulk density up-core from 1.8 g cm −3 in DM1-1 to 0.9 g cm −3 in DM1-4c. Greater LOI values (Fig. 5) were observed in the upper DM1-4c wetlands (∼24%) compared to deeper more inorganic-dominated deposits (∼5%). Magnetic susceptibility changed from markedly high values (67 × 10 −5 SI units) in basal zone DM1-1 to low values (8 × 10 −5 SI units) in the wetlands. DM-1 had a highly consistent grain-size profile throughout the late-Holocene that was comparable to MWT-6, consisting of approximately 2% sand, 65% silt and 33% clay (Fig. 4) . The wetlands in DM1-4c had slightly more silt and less clay compared to the agricultural sediment on MWT and less sand compared to the undisturbed flood plains that characterized the region in the past (Fig. 6 ).
Pollen was rare in DM1-1 and DM1-2 at the 1 cm −3 resolution level. It was detected for the first time in the core in upper half of zone DM1-3 where the most abundant taxa were Quercus and composites. The fibrous sub-zone DM1-4a had less pollen compared to DM1-4b and DM1-4c, both of which had distinguishable pollen assemblages. DM1-4b was characterized by the highest total pollen flux in the core with a well-represented suite of pollen (Fig. 5 ). DM1-4c had a lower total flux compared to DM1-4b, containing less Pinus, Quercus, Rosaceae, composites, Rubiaceae and Typha, but more Salix, Poaceae and Cyperaceae. Artemisia and Nuphar were not observed in DM1-4c, whereas Lithocarpus, Alnus and Chenopodium-types remained relatively unchanged from DM1-4b. Al generally increased up-core from a basal low of 1.7% in DM1-1 to a high of 6.0% near the top of the core in DM1-4c (Fig. 5) . Hg, Pb, As and P were greater in the upper wetlands compared to the deeper floodplain sediment (Fig. 4) . The concentrations of these elements in the DM1-4c wetland were all equal or greater than those in the topmost agricultural sediment on MWT, revealing that DM-1 had experienced the most severe pollutant enrichment of all cores.
The surficial concentration and enrichment ratio for Hg were 0.257 mg kg −1 and 13.6×, respectively. For Pb, they were 23.3 mg kg −1 and 3.3 ×, whereas for P they were 1604 mg kg
and 5.4×. Enrichment ratios dropped to background levels by 80 years ago (27 cm depth). The surficial concentration of As was 12.9 mg kg −1 , with a spike to 22.7 mg kg −1 occurring 40 years ago; no As was present before 100 years ago.
DISCUSSION
The 12 cores collected from MWT and DM provide critical insights into the spatiotemporal evolution of the upper deltaic plain in the SSJD and how it contrasts sharply with that of the lower delta. These insights are discussed in the context of the general nature of MWT before human disturbance and compared with similarly old sediment from DM to establish a late-Holocene spatial reconstruction of the study site as background for the restoration design. The upper disturbed layer on MWT is then compared to the underlying undisturbed sediment to assess the degree of recent landscape alteration. Finally, tidal wetland development in the upper part of DM is discussed is terms of habitat inception, evolution and sustainability.
Late-Holocene flood plains
The age-elevation models reveal that the past surface topography of the upper deltaic plain gradually came under tidal influence during the last 4000 years (Fig. 2) . LateHolocene grain-size and magnetic susceptibility profiles from MWT-2, MWT-6 and MWT-8 (Table 2 ; Figs 4 and 6), coupled with the visual descriptions of the upper 200 cm from the remaining MWT cores (Fig. 3) reveal that silt and clay, and to a lesser extent sand, were generally widely dispersed on the tract during late-Holocene, with a corresponding very low amount of organic material. Unlike studies in the lower delta (Atwater 1980) where peat formations are quite thick, this study found very little peat in existence in the upper deltaic plain. Though there are subtle variations among the cores, these inorganic-dominated sequences are believed to reflect past floodplain deposits, since tidal wetlands are rich in organic content Brown & Pasternack 2004) . Similarly, sand was not very abundant in the DM-1 core (Table 2 ; Figs 4 and 6) and instead silt dominated as in nearby MWT-8, suggesting that floodplain habitat also existed at the DM site in the recent past. High basal magnetic susceptibility values in DM1-1 were replaced by values consistent with those of MWT-8 in zone DM1-2, further suggesting prominence of inorganic floodplain sediment (Table 2 ; Fig. 5 ). These results imply that the present-day tidal wetlands at DM must be relatively young landscape features.
We postulate that the surface elevation of the past flood plain, as identified in the age-depth and age-elevation models (Fig. 2) , was spatially variable throughout the late-Holocene, probably because different geomorphic features such as levees and channels were spatially complex. Such spatial heterogeneity could partly account for the variations in sedimentation rates between cores (Fig. 4) , with low-lying sites such as MWT-2 and MWT-8 flooding more frequently and accreting more rapidly compared to higher elevation sites such as MWT-6 and DM-1. The higher sand content at MWT-2 and silt at MWT-8 and DM1-1 (Fig. 4) further suggest that these sites were generally more proximal to active channels in the late-Holocene compared to MWT-6, which had higher clay content. Variations in grain-size, such as the increase in sand content at 1700-700 cal BP in MWT-2, likely reflect changes in proximity to channels or the local formation of levees or sand splay complexes (Asselman & Middelkoop 1995; Steiger et al. 2001; Pasternack & Brush 2002) . Combined, these observations reveal that the tract was geomorphically active in the late-Holocene and characterized by ephemeral time-transgressive floodplain landforms and habitats with flooding and channel migration as active processes.
The low LOI values in all cores reveal that indeed little organic accumulation occurred on the flood plain (Table 2 ; Figs 4 and 5). Plant colonization appears to have added little persistent organic matter to the inorganically dominated plains, probably because of high decomposition potential on the surface. The amount of organic material that accumulated, however, is consistent with a sedimentary endmember mixing line previously developed (Brown & Pasternack 2004) , suggesting that most of the organic matter on the flood plain reflects particulate organic matter derived from landscape wash load during flooding. MWT-6 deviated the most from the mixing line and had the highest LOI values noted on the past flood plain, implying that more organic matter may have accumulated autochthonously at this site. However, when adjusted for sedimentation, all sites generally showed comparable amounts of organic accumulation (Fig. 4) . The highest amount of organic matter occurred in the bottom of MWT-8, which was not surprising since this site previously supported wetlands in the late mid-Holocene ( Fig. 6 ; Brown & Pasternack 2004) .
The recovery of pollen from MWT-6, MWT-8, and in zone DM1-3 (Figs 5 and 7) provides additional information about habitat variability in the upper delta during the late-Holocene. The low levels of pollen recovered from the sediment at the 1 cm −3 sampling resolution were likely related to the degradation of pollen through oxidation (Brown & Pasternack 2004) . The lack of ruptured pollen grains at the study site suggests that the pollen was derived locally or extra-locally since regional fluvial transport would have generated abrasions in the pollen (Halloway 1989) . Further, a regional pollen rain would have brought additional Sierra Nevada pollen types such as Abies and Cupressaceae to the study site and none were observed. Instead, the non-arboreal pollen recovered from the cores is likely to be locally derived, since this type of pollen usually does not travel far from source (Byrne et al. 2001) , whereas the recovered arboreal types are probably a combination of local and extra-local sources since regional types were not encountered (Jacobson & Bradshaw 1981) .
The Pinus pollen largely observed in MWT-8, is probably derived from drier upland sites that supported pine woodlands. Quercus coupled with lower levels of Chenopodiumtype pollen additionally imply the presence of nearby dryslope habitat, whereas Quercus coupled with Salix is testament to riparian forests that bounded nearby rivers (Atwater 1980) . The high flux of Cyperaceae and Typha pollen indicate that these plants abounded in the upper delta, but based on the elevational and stratigraphic history, these must have been non-tidal wetlands. The presence of composites further highlights the existence of expansive flood plains, though some of the composites may have occurred in the wetlands too.
Such observations reveal that flood plains were widespread over much of the upper deltaic plain in the late-Holocene. These flood plains exhibited variable landforms, topographic relief, and variations in grain-size and rates of sediment accumulation. Little organic matter accumulated permanently on the flood plain, and what did was likely delivered as wash load during flood events. In addition to floodplain expanses, pollen observations also document the presence of riparian forests and wetlands. Indeed, the past flood plain supported many different types of habitat and was geomorphically active.
Upper agriculturally-disturbed horizon
The topmost sediment on MWT related to agriculture is markedly different from underlying floodplain layers. Organic content in the agriculturally mixed layer was noticeably higher (Table 2 ; Fig. 4) . At all sites on the tract, silt constitutes roughly two-thirds of the sedimentary matrix, with clay comprising the remainder (Table 2; Figs. 4 and 6). Sand was virtually absent in the agricultural profile. Pollen analysis also recorded a noticeable change. Overall pollen flux is greatly reduced (Fig. 7) , suggesting a reduction in landscape productivity. The reduced flux, however, could also have resulted from increased oxidation and mechanical breakdown of pollen owing to tillage. However, marked declines in Pinus, Quercus, Salix, Compositae, Cyperaceae and Typha imply some loss of habitat. Noticeable increases in Zea pollen testify to the conversion of once-pristine flood plains to agricultural fields. A dramatic increase in Chenopodium-type exemplifies the degree of human-induced disturbance and clearly illustrates that the vegetation communities common in the upper delta today are profoundly different from those that persisted in the region for millennia.
Hg, Pb, and As all show elevated concentrations in the agriculturally mixed horizon compared to late-Holocene background levels (Table 2 ; Fig. 4 ). This study focused on total concentrations as opposed to concentrations for individual ionic species because saturated wetland soils yield anaerobic conditions (Mitsch & Gosselink 1993) . Such conditions promote the chemical transformation of oxidized metal species to reduced metal species, which are more bioavailable and toxic. Thus, by inference, there is a basis for concern that the dramatic increase in metal concentration in the modern era creates an impediment to wetland restoration in this area. In terms of individual constituents, the Hg at the study area heralds from Hg mining in the Coastal Range located north-west of the delta. In addition, Hg was translocated to the Sierra Nevada for use in gold mining. Consequently, Hg has been transported to the delta from both sources via rivers and streams. The sources for the elevated concentrations of Pb include industrial air pollution and car emissions, whereas the As comes from industrial combustion and high-temperature processes, as well as insecticides, weed killers, fungicides and wood preservatives.
Sediment quality guidelines have not been established in the United States, let alone for the SSJD region, so it is difficult to specify the severity of the metal concentration hazard posed under current conditions. Ideally, sediment bioassays would be performed, as demonstrated in Puget Sound (Long & Chapman 1985) , but in this case the main site is only proposed for restoration and is not currently submerged. However, it is recommended that experimental bioassays be performed using surface soil samples to evaluate the potential level of toxicity after restoration.
Phosphorus is also elevated in the agricultural layer. Phosphorus is derived primarily from agricultural and lawn fertilizers, transported downstream, and ultimately adsorbed onto sediment. In many situations, P-availability is limiting in the growth of weedy aquatic plants in inland surface waters (National Research Council 1993) . The critical concentration of P associated with accelerated weedy aquatic plant growth in marine and estuarine water has been estimated by Parry (1998) as 0.001 mg kg −1 . Plants may also uptake P from the particulate form. Thus, the observed doubling of P concentrations in the modern era significantly increases the likelihood of invasive weeds establishing when and if wetland restoration is performed. Owing to the highly disturbed hydrogeomorphic condition the restored site would be in because of the flooding region, this could be an important additional factor promoting the dominance of rapid-establishment pioneer weeds over slower growing native species.
Tidal freshwater wetlands
Inorganic floodplain deposits poor in pollen existed at DM during most of the late Holocene, with the site positioned clearly above tidal influence (Fig. 2) . The age-elevation model suggests that DM came under tidal influence around 800 years ago as sea level transgressed. Indeed, the first occurrence of pollen is noted at this time in the core, suggesting that the site became better suited for pollen preservation compared to the preceding interval, possibly because of diurnal tidal saturation. However, persistent intertidal conditions may not have been established until 330 years ago, as indicated by the onset of fibrous plant fragments and relatively high LOI (Fig. 5, zone DM1-4a) . Between 100 and 70 cal BP DM aggraded more quickly compared to sea-level rise (Fig. 2) and the fibrous plant material was buried by clay (Fig. 5 , zone DM1-4b). A marked increase in the concentrations of geochemical pollutants is noted at this time. The increased aggradation at DM is believed related to a significant increase in sediment supply, attributable mainly to increased erosion and disturbance caused by land-use practices, including regional agriculture and hydraulic gold mining activity in the Sierra Nevada, though changing local deltaic geomorphic conditions, renewal of accommodation space and associated reduction in sediment bypassing may have also contributed.
Typha wetlands and meadows thrived in this new environment starting in the mid-1800s and continuing until the present (Fig. 5) . Cyperaceae, or more specifically Scirpus, wetlands also started to expand at about the same time. Pinus woodlands and riparian forests containing Quercus, Salix and Alnus endured nearby. Cyperaceae wetlands expanded further following the end of hydraulic mining in the Sierra Nevada region in the late 1800s, as evidenced by increased Cyperaceae pollen, the deposition of peat and higher LOI values. The expansion of these wetlands may be related to lower sediment loads in the post hydraulic gold mining and post river-damming eras, which enabled plant communities to persist more stably. These observations reveal that the wetlands around DM are relatively nascent landscape features, only coming into existence in the last 100 years. Field mapping by the United States Geological Survey (1911) also reveals that wetlands had very recently expanded over MWT (Fig. 1) , though because of the agricultural activity on the tract the natural record of those wetlands is no longer available.
Unlike the MWT, which was leveed, drained and converted into agricultural pasture, DM wetlands remain intact, though not necessarily healthy. The increase in chemical pollutants in the topmost DM wetlands was even more noticeable compared to the pollutants in the agricultural layer on MWT, revealing that these wetlands, often considered relatively pristine by the public, are in fact highly polluted. As such, they may make excellent restoration models if they are studied in detail to understand how such wetlands are functioning now in the face of such strong physical disturbance and chemical pollution.
CONCLUSIONS
The history of MWT farmland and that of the adjacent protected DM tidal freshwater wetland covering the last 4000 years were compared to assess spatiotemporal variability in landforms and habitat conditions in an upper deltaic plain, with a view to aiding floodplain and wetland restoration. Whereas the lower delta is composed of deep-seated peatlands, the upper deltaic plain is composed of a mosaic of habitats including flood plains, riparian forests, Scirpus wetlands, and upland woodlands that prevailed throughout much of the late-Holocene. In the modern era these are more restricted and less productive. Topsoil and wetland peat are present in this region only as a thin veneer at MWT and DM, respectively. In fact, AMS radiocarbon dating of the base of the peat shows that the modern tidal wetland at DM is only about 100 years old. The elevational history, coupled with the onset of pollen preservation in DM, show that it came under tidal influence within the last 1000 years. However, persistent formation of intertidal wetlands did not establish until around 300 years ago. These wetlands were then buried by silt and clay, likely derived from sudden intensive land use beginning in the mid-nineteenth century. Once that material filled the available accommodation space, the modern intertidal wetland formed and persists today. This finding is very similar to those reported for Atlantic tidal freshwater wetlands of Chesapeake Bay, Delaware and New Jersey .
The restoration significance of these eco-physical findings is that the dynamics of the upper deltaic plain are fundamentally different than those of the lower delta. There are no long-term, stable tidal freshwater wetlands on the upper deltaic plain of the SSJD. Such wetlands are geomorphically ephemeral, but part of an overall habitat patchwork. Conceptual models for post-restoration wetland functions and values that are valid for the lower delta should not be used to guide upper deltaic plain restoration. Upper delta restoration planning and evaluation needs to consider the habitat mosaic as a likely scenario following the intentional breaching of levees and reintroduction of unregulated flow regimes.
Beyond the eco-physical results aiding the conceptualization of long-term restoration sustainability, the palaeoenvironmental investigation revealed the 4000 year history of chemical concentrations in the SSJD upper deltaic plain. Background levels of key constituents were lower in the past, and were associated with an oxic floodplain environment that underwent rapid turnover by disturbance. Not only have contaminant levels shown a marked rise in the modern era, but the rise has coincided with the onset of reducing intertidal wetland conditions. Hg levels increased by almost 14 times background in DM-1, while As went from undetectable to an average 17 mg kg −1 and P increased fivefold. These historic changes are evidence of the crucial landscape position of the upper deltaic plain in sequestering watershed-derived contaminants, and thus acting as a buffer for the downstream estuary. However, the shift to intertidal conditions combined with increased levels of toxic metals raises a critical potential problem with the restoration conceptual framework for this position in the landscape. That is, reducing tidal freshwater wetland soils are positioned to be contaminant attractors and transformers. Thus, a likelihood exists for the creation of an attractive nuisance whereby toxics become bioavailable to species making use of the restored area. Hg is of particular concern because it may enter the food chain and become concentrated in higher trophic levels, adversely affecting the top predators in the newly restored aquatic and terrestrial habitats (United States Environmental Protection Agency 1997). Likewise, As and Pb could also prove problematic in the post-restoration environment (Agency for Toxic Substances and Disease Registry 1999, 2000) . In addition to the potential post-restoration issues, this study also reveals that DM is in fact already polluted. Hg, Pb, As and P all show extremely high concentrations relative to pre-anthropogenic background levels. For DM to serve as a model for restoring tracts in the delta, it is imperative that the significance of the pollution be determined.
The results of this study have been made available to the stakeholders involved in the SSJD restoration, with the hope that the information yielded from palaeoenvironmental perspective could help shape expectations, guide design and specify functional construction requirements prior to restoration implementation. However, a higher level debate has superseded in which flood control managers would prefer to use the MWT as well as other tracts in the delta as a flood wave conduit with little environmental benefit. A companion study to this evaluated the impacts of MWT restoration, including scenarios based on palaeoenvironmental conditions, on flood levels and found a minimal impact of restoration upon flood stage under a range of flooding conditions, including rare, large flooding events (Hammersmark 2002) . Debate continues over what balance of flood damage risk avoidance and environmental restoration should be undertaken in the SSJD, providing a window for further scientific analysis of restoration potential.
